Abstract. Intermediate-energy heavy-ion collisions can produce a spin polarization of the projectile-like species. Spin polarization has been observed for both nucleon removal and nucleon pickup processes. Qualitative agreement with measured spin polarization as a function of the momentum of the projectile-like fragment is found in a kinematical model that considers conservation of linear and angular momentum and assumes peripheral interactions between the fast projectile and target. Improvements to the kinematical model are discussed that aim to achieve quantitative agreement with spin polarization data from both the nucleon removal and pickup processes.
INTRODUCTION
Spin polarization of the fast projectile-like residues from intermediate-energy heavy-ion reactions was first observed at RIKEN [1] . The fragments detected at a small angle with respect to the beam axis were shown to have a polarized spin in the low-intensity wings of the momentum distribution. A qualitative description of the polarization mechanism can be found in a model that considers conservation of linear and angular momentum and assumes peripheral interactions between the fast projectile and target. Fig. 1 presents a schematic representation of the expected polarization and yield for the nucleon removal process for fragmentation of a projectile on a heavy target. A systematic study of the spin polarization from few-nucleon removal from light projectiles as a function of energy and target Z by Okuno et al. [2] demonstrated that the relation between the outgoing fragment momentum and sign of spin polarization depended on the mean deflection angle, &d e f-Near-side reactions occur for high-Z targets, where the Coulomb reflection will dominate the inter-nucleon potential between projectile and target, giving the polarization dependence shown in Fig. 1 . The nucleon-nucleon potential energy will dominate for removal reactions on low-Z targets. Far-side reactions dominate in this case, and the sign of the observed polarization is reversed.
The spin polarization has a near-zero value at the peak of the fragment yield curve for both near-and far-side dominated reactions, since \Qdef\ is large. This behavior can be qualitively understood from the projectile rest-frame diagram in Fig. 1 the projectile-like species is £ z = -Xk y + Yk x , where X,Y are the localized cartesian coordiates of the removed nucleon(s), and k x ,k y are the momentum components of the removed nucleons in the reaction plane. If the nucleon removal occurs uniformly in the overlap region, X ~ R 0 , Y ~ 0, and hence l z = -Xk y . This produces zero polarization when the fragment momentum equals the projectile momentum, since k y = 0 in the projectile rest frame under these conditions. However, if nucleon removal is not uniform in the overlap region, 7^0 and the term Yk x can contribute to l z . Such a contribution will only be observed experimentally when \&def\ is small. The final scattering angle of the fragment is 9L= 9d e f + A9, where A0 is the change in angle caused by the transverse momentum component of the removed nucleons, A0 = tan~!(-k x jp)._ Here p is the total momentum of the projectile-like fragment. In reactions where \Qdef\ ~ 0, it is the transverse momentum component of the removed nucleon(s) that "kicks" the fragments to small angles, and the resulting polarization is negative since k x > 0 to give positive A0 and Y < 0 for non-uniform nucleon removal as illustrated in Fig. 1 .
A Monte Carlo code was developed [2] based on the ideas discussed above to simulate the spin polarization generated in nucleon removal reactions at intermediate energies.
The general behavior of the spin polarization as a function of projectile-like momentum was achieved, although a scaling factor of 0.25 was needed to reproduce magnitude of polarization observed experimentally.
Spin polarization via nucleon pickup reactions at intermediate energies was first demonstrated at the NSCL [3] . Positive spin polarization was determined for 37 K species collected at small angles in the reaction of 36 Ar projectiles on a 9 Be target at 150 MeV/nucleon. Fig. 1 schematically illustrates the spin polarization and yield from nucleon pickup reactions. The key to understanding the observed spin polarization in the proton pickup process is that the picked-up nucleon must have an average momentum equal to the Fermi momentum oriented parallel to the beam direction. Souliotis et al. [4] reached this conclusion from the observed shifts in the centroids of the momentum distributions for one and two-nucleon pickup products. The average projectile-like mo-mentum < p > was found to satisfy the relation < p>=< p p > + < p t >, with <p p > the average momentum of the incident particle and <p t > the average momentum of the picked up nucleon equal to the Fermi momentum. In the rest frame of the projectile-like species, the momentum of the picked up nucleon will be antiparallel to the incoming projectile momentum.
The z-component of orbital angular momentum induced by the nucleon pickup process is l z = RAp, assuming a peripheral interaction where the nucleon is picked up to a localized position on the projectile given by R in the schematic of the pickup reaction shown in Fig. 1 . The spin polarization will be zero when the momentum of the picked up nucleon matches the momentum of the incoming projectile (Ap = 0). The zero crossing occurs at the projectile-like momentum p = [{A p + l)/A p ]p p , where A p and p p are the mass number and momentum of the projectile. A linear increase in £ z is expected with a decrease in the momentum of the outgoing pickup product. At low momentum values of the pickup products, the matching conditions for pickup will no longer be satisfied, and the spin polarization is observed to rapidly approach zero.
Turzo et al. showed that neutron pickup reactions at intermediate energies behave in a similar manner [5] . They extended the Monte Carlo simulation of Ref. [2] to nucleon pickup and the momentum considerations discussed by Groh et al. [3] . Qualitative agreement of the observed spin polarization as a function of the projectile-like product was realized, as was the case with nucleon removal reactions. But again, a scaling factor was needed to reproduce the magnitude of the observed spin polarization.
The kinematical model proposed by Asahi et al. has been successfully employed to qualitatively explain spin polarization at intermediate energies for both nucleon removal and pickup reactions. This paper introduces additional considerations to the kinematical model that aim to improve the quantitative agreement of the Monte Carlo simulation with the experimentally-observed spin polarization in nucleon removal and pickup reactions.
MONTE CARLO SIMULATION
The simulation code developed by Okuno et al. [2] computed the momenta of the removed nucleons in Monte Carlo fashion, then applied the kinematical equations from Ref. [1] to calculate the spin polarization (l z /L) as a function of fragment momentum. The nucleon removal positions X,Y on the projectile surface are determined by the relations X = R 0 cos@ and Y = -R 0 sin@, where 0 > 0 is shown in Fig. 1 . Improvements to the original simulation code have been made to achieve better quantitative agreement with spin polarization in nucleon removal reactions.
Location of Nucleon Abrasion -One shortcoming of the original simulation code was that the projectile-target interaction was one-sided. We have adopted an absolute coordiate system for the simulation code to maintain the correct relationship between the sign of the polarization, the emission angle of the fragment, and the momentum of the fragment. Interactions between projectile and target are permitted in the reaction plane, on both "sides" of the target. One positive outcome of this treatment is that the simulation properly calculates zero spin polarization across the full fragment momentum distribution when the detector acceptance is centered at 0°.
The calculation of the location X,Y of the removed nucleons in the projectile was changed to give a more realistic description of the abrasion process. The number of removed nucleons is calculated based on the volume of intersection of a cylinder and sphere following the prescription of Gosset et al. [6] . The number of nucleons removed is directly proportional to the overlap volume. A removal position is calculated for each nucleon in the overlap region and then averaged to give the position X, Y of the group of removed nucleons. The rotation angle 0 is accommodated in this approach by offseting the Y position by a fixed value, yet ensuring that the offset Y value remains in the overlap region.
Distribution of Deflection Angles -The mean deflection angle 9d e f is calculated by way of numerical integration. Required input parameters are the Z and A of projectile and target, the energy of the projectile, the distance of closest approach, r m ,", and the real part of the optical model potential for the nucleus-nucleus interaction, VQ. The relations of Gossett et al. are used to determine r m ,", as mentioned previously. Only limited data are available for nucleus-nucleus scattering data at intermediate energy and a nominal value Vb ~ 50 MeV has been adopted.
Whereas in the original incarnation of the simulation code all resulting fragments scatter to a single angle defined by Qdef, a distribution of scattering angles whose average is the &d e f has been incorporated into the simulation code. Several different angular distributions were considered, including a Rutherford, Fermi, and step function distributions. A compromise was made on a straight-line distribution with negative slope. This distribution has the advantage of peaking at 0°, and a functional form that was readily accommodated in the simulation code.
Out-of-Plane Scattering -The original simulation code considered projectile-target interactions that occurred only in the x,y plane. However, the projectiles can interact with the target in a non-equatorial collision. Such an interaction would decrease the z-component of angular momentum in the equatorial (reaction) plane. Non-equatorial scattering can be simulated as a rotation of the coordinate system about the beam direction. The resulting z-component of angular momentum for the non-equatorial scattering is L z = L z cosf5 -L x sinj5, where L x is the component of angular momentum projected on the x axis and /3 is the rotation angle. In theory, /3 can range from -n/2 to +TT/2, since the projectile interaction can occur anywhere in the yz plane. Integrating over all possible values of/3 gives L z = 2L z /n.
The resulting value for L' z is a lower limit for the non-equatorial scattering. The magnitude of the effect is governed by the angular acceptance of fragment by the device. Table 1 gives correction factors calculated for a fixed vertical (z-axis) acceptance of ±2° and different horizontal acceptance windows. Limiting the acceptance reduces the contributions from non-equatorial scattering.
y-ray Deorientation -The fragmentation process will often leave the projectile-like product in an excited state. One pathway to remove the excitation energy is through y-ray emission. Discrete y-rays have been observed in "in-beam" fragmentation studies [7] . Intermediate-energy reactions also populate high-spin isomeric states, whose depopulation can be readily followed in the absence of the prompt radiation background [8] . y rays emitted from a spin polarized nucleus can reduce the magnitude of the polarization. y-ray deorientation was included in the simulation code by assuming a statistical cas- cade through a continuum of levels using a prescription similar to that of Leander [9] . A nuclear level density is specified by a constant temperature level-density formula [10] . For each 7ray, the transition energy, multipolarity (El, E2, or Ml), and spin change are determined by random numbers. The deorientation coefficients Uk [11] are calculated from the initial and final spin values, and the multipolarity. A cumulative deorientation is obtained from the product of the U\ values of the cascade 7 rays. The statisical nature of the cascade decay is included by repeating the calculation with a random walk. The resulting average deorientation coefficients are given a weighting factor based on the calculated spin distribution and excitation energy of the fragment.
Deorientation coefficients were calculated for the fragmentation reactions involving two-nucleon removal reported in Ref. [2] . The U\ values ranged from 0.36 to 0.65, suggesting that 7-ray deorientation can have significant impact on the final spin polarization of the projectile-like fragment. The calculated average entry spin (~ 2ft) and cascade multiplicity (~ 3) were reasonable based on in-beam spectroscopy of light fragmentation products [7] . However, it is noted that fragmentation reactions do produce nuclei with no unbound excited states, and species produced by such a "cold" fragmentation process would not undergo de-excitation by 7-ray emission.
Comparison of the spin polarization measurements for intermediate-energy reactions that include two-nucleon removal in Ref. [2] with the simulation results that include considerations for more realistic angular distributions, out-of-plane scattering, and 7-ray deorientation, are presented in Fig. 2 . No scaling factor was used to adjust the simulated spin polarization. 1-1-1-1-1-1 
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FUTURE PROSPECTS
Although better quantitative agreement between the Monte Carlo simulations of intermediate energy spin polarization has been achieved, additional physics improvements to the simulations are warranted. The impact of nucleon evaporation on the spin polarization achieved in high-energy fragmenation was discussed by Schafer et al. [12] . The reactions shown in Fig. 2 involve only two-nucleon removal, and contributions to the production cross section from nucleon evaporation should be small. We are presently implementing the portions of the particle evaporation code PACE into the spin polarization simulation code to account for the angular momentum loss from particle evaporation. Improvements to the angular distribution and y-ray deorientation treatments discussed above are also underway. The simulation code does not include a quantum-mechanical treatment of either spin or angular momentum. One extension that is underway is the calculation of m-substate distributions about the beam axis to predict nuclear spin alignment. The m-substate population can be calculated from the relation £ y /L = m/y / (I(I+ 1), where L is the total angular momentum, / is the nuclear spin of the projectile-like fragment, and l y is "quantized" by grouping the classical results based on /.
The simulation code has also been modified to include nucleon pickup, independent of the efforts reported in Ref. [5] . Results of the simulations of the nuclear pickup process will be reported elsewhere.
